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Abstract. The propagation of Galactic Cosmic Ray nuclei having energies between
100 MeV/nuc and several PeV/nuc is strongly believed to be of diusive nature.
The particles emitted by a source located at a given position in the disk do not
pervade the whole Galaxy, but are rather conned to a smaller region whose spa-
tial extension is related to the height of the diusive halo, the Galactic wind and
the spallation rate. Following the pioneering work of ?), we investigate the role of
spallations and Galactic wind Vc, introducing two typical lengths rwind = 2K/Vc
and rspal = K/hΓinel, where K is the diusion coecient, h the height of the
Galactic disk and Γinel the spallation rate, related to the spallation cross sections.
We nd the regions of the disk from which a given fraction of cosmic rays detected
in the Solar neighborhood were emitted (f -surfaces). After a general study, we ap-
ply the results to a realistic source distribution, with the propagation parameters
obtained in our previous works by a systematic analysis of secondary-to-primary
observed ratios (?). These f -surfaces correspond to rather small region of the
Galactic disk, i.e. a few kpc, centered on our position, depending on the species as
well as on the values of the propagation parameters. Another consequence is that
for the models preferred by our previous analysis (i.e. large diusion slope δ), only
a fraction of a percent of the whole Galactic sources actually contribute to the
Solar neighborhood Cosmic Ray flux. Moreover, a very small number of sources
may be responsible for more than 15 % of the flux detected in the Solar neighbor-
hood. This may point towards the necessity to go beyond the approximations of
both homogeneity and stationarity.
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1. Introduction
The propagation of charged Cosmic Ray nuclei, in the energy range going from a few
100 MeV/nuc and a few PeV/nuc, is strongly aected by the Galactic magnetic eld. It
is a diusive process, so that the Cosmic Rays emitted by a single source spread out in
time, pervade the whole Galaxy, and can escape the Galaxy when reaching its boundaries.
Those coming from a source located far from the Sun have a larger probability of escaping
than reaching the Solar neighborhood. It is the opposite for nearby sources, so that
the direct detection of Cosmic Rays yields information about the local sources. Other
eects like spallations and Galactic wind further limit the distance Cosmic Rays travel
before being detected. Some consequences of the Galactic wind were studied in ?) where
convective escape was compared to escape through the upper and lower boundaries of
the Galaxy.
The goal of this paper is to go one step beyond. The number of particles reaching
a detector in the Solar System depends on both the propagation parameters and the
distribution of the sources. As regards the rst point, we use the propagation parameters
obtained in a systematic analysis of B/C ratio (?). As regards the second point, two
cases can be studied: it is widely admitted that the standard sources responsible for the
observed fluxes of most nuclei are located in the Galactic disk. Then, it is believed that
our Galaxy could be surrounded by a Dark Matter halo containing sources of Cosmic
Rays, mostly very light nuclei and anti-nuclei. These subjects are rather dierent and
we devote this paper to the case of the standard sources in the disk. The study of exotic
sources is postponed to a companion paper (?).
The reader who does not want to go through the pedagogical progression can go
directly from the general presentation of the method in x 2 to its application in realistic
cases in x 7. For the others, the eect of escape is studied in x 3 and that of spallations
and Galactic wind is studied in x 5. Then, x 6 studies the eect of a realistic source
distribution. Finally, the fully realistic case is considered in x 7. The results and the
perspectives are discussed in the last section. For convenience, we will use the word
f -surfaces to describe the surfaces in the thin disk within which the sources form the
fraction f of cosmic rays detected at the observer location.
2. Description of the method
A stationary point source emits particles that diuse in a given volume. At the boundaries
of this volume, the particles are free to escape and the density drops to zero. After
a suciently long time, the stationary regime is eventually reached and the density
prole is established inside the diusive volume. If several sources are present (or even a
continuous distribution of sources), their contributions add linearly at each point.
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The question we wish to answer is the following: a Cosmic Ray being detected at the
position ro of an observer (in practice, this will be the position of the Sun, and we refer
to this position as the Solar neighborhood), what is the probability density





that this Cosmic Ray was emitted from a source located at the position rs ? Such a ques-
tion falls among classical problems of statistics. A rigorous theoretical frame is provided
by the Bayes approach that summarizes the proper use of conditional probabilities. A
cruder but sucient (and equivalent) treatment is given by the frequency interpretation.




dN [rs ! ro] =drs
N [! ro] ; (2)
where N [! ro] is the number of paths reaching ro and dN [rs ! ro] =drs is the density
of paths going from rs to ro. We nally notice that the latter number determines the




/ dN [rs ! ro]
drs
( Nrs(ro)) ; (3)
where the density Nrs(ro) is the solution of the propagation equation for a point source
located at rs. The normalization factor in this relation is obtained by imposing that
dP=drs actually is a probability density, i.e. is normalized to unity. We refer to the
contours on which the probability density is constant as isodensity contours.
If the sources are distributed according to w(rs), the probability that a Cosmic Rays






This probability contains all the physical information about the spatial origin of Cosmic
Rays. Demanding P fSjrog = f denes the f -surfaces, inside which the sources con-
tribute to the fraction f of the detected flux. Actually, even for a given value of f , there
are many dierent surfaces, delimited by dierent closed contours, fullling this condition.
We focus on the smallest of this surfaces, which is precisely delimited by an isodensity
contour. We also use the term rlim-probability for the quantity P frs < rlimjrog.
3. The escape through the diffusive volume boundaries
The region in which diusion occurs is limited by surfaces (hereafter the boundaries)
beyond which diusion becomes inecient at trapping the particles, so that they can
freely escape at a velocity close to c. The density outside the diusive volume is very
small, and it is very reasonable to suppose that the boundaries are absorbers, i.e. they
impose a null density (N = 0).
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It is well-known that the shape and location of the boundaries play a crucial role for
diusive propagation. This section shows that the Cosmic Rays emitted from standard
sources in the disk are not sensitive to the radial extension of the Galaxy, but only to
its upper and lower edge. This result was already hinted at in ?), and we now want
to establish it in a more systematic way. To this aim, it is sucient to concentrate on
pure diusion and to neglect spallations, the Galactic wind and reacceleration. Indeed
this is a conservative case as these eects can only make the diusion process even less
sensitive to the presence of the boundaries (see below). Moreover, we consider the case
of homogeneous source distribution located in the disk w(rs) / (z), which also leads to
a conservative result if compared to a realistic radial distribution of sources.
The influence of the boundaries is estimated by solving the pure diusion equation
with a Dirac source term, i.e.
−K4N(r) = (r − rs) (5)
in three situations: rst we consider only a side boundary, then only an upper plus lower
boundary, and nally all the boundaries.
3.1. Unbounded diusive volume
For a point source embedded in an innite disk and innite halo, the density is given by
Nrs(ro) =
1
4Kjjro − rsjj :




4Kjjro − rsjj : (6)
The notion of probability may be ill-dened if the extension of the source distribution
is innite. For instance, the integral of the above expression
∫
S!1 dP1(rsjro) does not
give a nite value when the source are uniformly distributed in an innite disk. In this
case, the probability density that the particle was emitted from a ring of radius rs does
not depend on rs, so that all the rings contribute equally to the flux reaching the observer
at ro. This case is only of academic interest, as the source distribution is nite in extent
in all realistic situations.
3.2. Boundaries influence
Our Galaxy can be represented as a cylindrical box with radial extension R and height
L (see App. A for further details). The probability density dPcyl(rsjro)=drs can be
computed for arbitrary source and observer positions rs and ro, using a Fourier-Bessel
decomposition of the density. In our case, the observer is located near the Sun, at a
Galactocentric distance R  8:5 kpc. Unless the diusive halo height is very large, the




Fig. 1. Geometry of the diusive volume.
top and bottom boundaries located at z = L are nearer to us than the side boundary
located at R = 20 kpc. As a result, we expect the eect of the side boundary to be
smaller. The rst simplied situation we consider is that of an observer located at the
center of the Galaxy. (In the case of an innite disk, i.e. R !1, this amounts to a mere
redenition of the origin of the disk).
With ro = 0, the solution for a point source in this particular geometry is given in
App. A. The probability density that a particle reaching the observer was emitted from






 tanh(iL=R) d2rs :
The normalization is obtained by imposing
∫ R


















and the rlim-probability is given by
























These probabilities are independent of the value of the diusion coecient K. This can
be understood physically if we start from the non-stationary diusion equation
@N
@t
= K4N + (r) : (9)
Under the rescaling K ! K, the new solution is N ! N= provided that t ! t=. The
distribution of particles is just multiplied by an overall factor. We might say that particles
follow the same trajectories, so that the probabilities do not depend on K; however, it
takes more or less time to travel through them and to reach the stationary regime.
3.2.1. Side boundary
The escape from the side boundary (located at r = R) is disentangled from the escape
from the z = L boundary by rst considering the limit L ! 1. For the sake of
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R
Fig. 2. Geometry of the diusive volume in the limit L →∞.
simplicity, we will, as above, only study the eect of this boundary on observations
performed at the center of the Galaxy. In the limit L !1, we have coth(iL=R)  1 in

















and for the rlim-probability,























3.2.2. Top and bottom boundaries
L
Fig. 3. Geometry of the diusive volume in the limit R →∞.
The influence of the z = L boundaries, in the case of an innite disk (R ! 1)
is now considered. In this limit, the sum over Bessel functions can be replaced by an
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and for the rlim-probability,




















which is a function of rlim=L only. These integrals are somewhat intricate to compute
numerically, due to the very slow convergence. This problem will be encountered again
with other integrals of the same kind, and the dierent possible solutions are discussed
in App. B.3. In this particular case, the accuracy of the numerical calculation can be









It is also noticeable that the quantity














gives the fraction of Cosmic Rays emitted from a distance rs that has escaped the diusive
halo before reaching us.
3.3. Summary: the eect of boundaries on primary species
Fig. 4 shows the probability density computed above as a function of rs for unbounded
space, i.e. Eq. (6), for the cylindrical geometry for several halo sizes L, i.e. Eq. (8), and
for the two limiting cases corresponding to L !1 or R !1. We also show, in Tab. 1,
the radii of the f -surfaces, in the two cases R = 20 kpc and R ! 1. It can be noticed
that even if the source distribution is innite in extent, the nite size of the halo limits
the quantity of Cosmic Rays that reach a given point. The mean distance from which
the Cosmic Rays reaching the center is given by hrsi = 1:4 L. This eect dominates over
the leakage through the side boundary rs = R, and it will be even more negligible in
realistic situations, as (i) the source density is small near the edge of the disk, (ii) when
the spallations and Galactic wind are considered, most Cosmic Rays are destroyed or
blown out of the disk before they have a chance to reach this side boundary.
An important consequence is that as long as the observer and the sources are not
too close to the side boundary, the density only depends on the relative distance to
the source in the disk, so that it may be assumed, for numerical convenience, that the
observer is either at the center of a nite disk, or in an innite disk. In all the paper,
i.e. for standard sources in the disk, we will consider the limit R ! 1, i.e. we use the
integral representation described in App. B.3.
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Fig. 4. Cosmic ray probability density as a function of rs (distance of the δ(rs) source in the
disk), for several values of L and for a disk of radius R = 20 kpc. Big stars are for unbounded
model, dotted line is for a spherical boundary at radius R, small stars are for top and bottom
boundaries, and solid lines are for cylindrical boundaries.
f(rlim) = 50% f(rlim) = 90% f(rlim) = 99%
R = ∞ R = 20 kpc R = ∞ R = 20 kpc R = ∞ R = 20 kpc
L = ∞ { 6.2 kpc { 14.1 kpc { 18.2 kpc
L = 20 12.6 kpc 6.1 kpc 39 kpc 14 kpc 68 kpc 18.2 kpc
L = 5 kpc 3.1 kpc 2.95 kpc 9.5 kpc 8.6 kpc 17 kpc 14.6 kpc
L = 1 kpc 0.63 kpc 0.63 kpc 1.9 kpc 1.9 kpc 3.4 kpc 3.4 kpc
Table 1. This table indicates the radius rlim inside which a given fraction f(rlim) ≡ P(rs <
rlim|O) of Cosmic Rays reaching the center were emitted from(?), for several L and in the case
of the innite disk and R = 20 kpc.
4. Secondary and radioactive species
4.1. Progenitors of stable secondaries
As can be seen in App. A.3, the secondary distribution from point-like primary sources
is related very simply to the primary distribution itself. One could nd strange to speak
about secondaries as we have not, for the moment, included spallations in the model. The
right picture is the following: a primary emitted at rs propagates and from time to time
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crosses the disk (mostly lled with hydrogen, density nISM). During this crossing, there
is a probability nISM:v:prim!sec to create a secondary, that in turn propagates in the
diusive volume until it reaches (or not) the experimental setup. This will be taken into
account properly in the next section. However, in order to have a compact expression,
a crude estimation can be obtained by neglecting the influence of spallations on the
primary and secondary component. This is obtained if one discards Γinel in the terms
Aprimi and A
sec
i of Eq. (A.6). The net result will be an overestimation of the distance the
secondaries come from since their destruction is discarded two times; once under their
primeval primary form and once in their secondary form.
We can compute the probability that the primary responsible for the secondary de-
tected in the Solar neighborhood was emitted from rs. We nd, in the case R !1 (see














The resulting integrated probabilities are shown in Tab. 2. The source of the primary
that will give the secondaries observed at a given point is located farther away than the
sources of the primary we detect (compare Tabs. 2 and 1). This may be of importance
if for instance the source composition or source intensity varies with position: in the
ubiquitous secondary-to-primary ratio, the numerator is sensitive to sources located on
a greater range than the denominator. Moreover, these secondaries set the size of an
eective \local" zone outside of which the particles reaching the Solar neighborhood
have never been. The local observations tell nothing about the propagation conditions
outside of this zone. This will be discussed further in the conclusion.
f(rlim) = 50% f(rlim) = 90% f(rlim) = 99%
R = ∞ R = 20 kpc R = ∞ R = 20 kpc R = ∞ R = 20 kpc
L = ∞ { 8.6 kpc { 15.3 kpc { 18.5 kpc
L = 5 kpc 5.5 kpc 5.3 kpc 12.5 kpc 12 kpc 25 kpc 17.2 kpc
L = 1 kpc 1.1 kpc 1.1 kpc 2.5 kpc 2.5 kpc 4.4 kpc 4.4 kpc
Table 2. This table indicates the radius inside which a given fraction f(rlim) of secondary
Cosmic Rays reaching the center were emitted from, for several L and in the case of a disk
of radius R = 20 kpc. The last line shows that for small L, the eect of the side boundary is
completely negligible.
4.2. Radioactive secondaries
In the case of an unstable species with a lifetime  , formula (A.5) can be written as
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The approximation in the last step is valid if the exponential term decreases with  fast
enough (i.e.  is large so that the upper limit can be set to 1 in the integral). This means











Comparison to (15) leads to


















the normalized probability density is given by
dPrad frsjOg = exp(−rs=lrad)2 rs: lrad d
2rs : (17)
Indeed, this result can be derived much more straightforwardly starting from the station-
ary equation−KrN(r)+ΓradN(r) = 0 (with a source at the origin) in unbounded space.
This is also in full agreement with the expression given in App. B (see also Sec. 4.1) of ?),
where we found the same expression starting from the propagator of the non-stationary
diusion equation in unbounded space.
To sum up, Eq. (17) is valid as long as lrad  R and lrad  L: the propagation of
the unstable species can be then considered as local , with a typical scale lrad. This is no
longer the case if the lifetime  = γ0 is large, which is the case at high energy because
of the relativistic factor γ, even if the proper lifetime 0 is short. The rlim-probability is
straightforwardly derived. As on these typical scales, the source distribution can safely
taken to be constant, the distance rlim is expressed as
rlim = −lrad  ln(1− f) : (18)
It means that sources that contribute to the fraction f = (50−90−99)% of the radioactive
species measured flux are located inside the disk of radius rlim = (0:7− 2:3− 4:6) lrad.
The eect of a local underdensity around the Sun is discussed later.
4.3. Electrons and positrons
Cosmic ray sources also emit electrons and positrons. In contrast with the nuclei, these
particles are light, so that they are subject to much stronger energy losses, due to syn-
chrotron radiation and inverse Compton. This results in an eective lifetime given by
(e.g. ?))
loss  300 Myr 1 GeV
E
:
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The results given in the previous section on radioactive species can be applied to this
case, with a scale length








Formulae (17) and (18) can be used with lrad $ rloss. This eect is discussed by ?) to
show that a nearby source may be necessary to explain the high energy electron flux
observed on the Solar neighborhood.
4.4. Summary: pure diusive regime, an upper limit
The important conclusions at this point are that i) most of the stable primary Cosmic
Rays that reach the Solar neighborhood were emitted from disk sources located within
a distance of the order of L, such that the R = 20 kpc boundary can reasonably be
discarded ii) the secondary species composition is determined by sources located farther
away than those determining the primary composition; iii) radioactive species may come
from very close if their lifetime is so short that
p
Kγ0 < L, high energy electrons and
positrons denitely do.
These conclusions are expected to be stronger when spallations, Galactic wind and a
realistic source distribution are taken into account. All these eects will limit even more
the range that the particles can travel before reaching the Solar neighborhood.
5. The effects of spallation and convection
5.1. Pure convection
The diusion of Cosmic Rays may be disturbed by the presence of a convective wind of
magnitude Vc, directed outwards from the disk. The eect is to blow the particles away
from the disk, so that those detected in the Solar neighborhood come from closer sources

































The expression in Eq. (19) is a function of rs=rwind only. The deviation from a pure
1=rs law, as well as deviations due to escape, radioactive decay and spallation (see next
section), is shown in Fig. 5. The rlim-probability is given by
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Fig. 5. Deviation from the pure 1/rs density prole, N(rs)/(1/4piKrs), due to the various eects
studied here: escape from the z = ±L boundaries, spallations and Galactic wind. In this latter
case, the choice rscale = 2rwind has been made to show the similar behavior at large rs. The
case of a radioactive species has also been shown. It should be noted, however, that in most
interesting cases, the scale length lrad is much smaller than the others, so that in this case the




























Some values are indicated in Tab. 4 and plotted in Fig. 6.
It is interesting to note that the eect of 2rwind is similar (though not rigorously
identical) to the eect of L (see Fig. 5). As a matter of fact, ?) studied twenty years ago
the propagation properties in a dynamical halo and provided a very simple picture (along
with a rigorous derivation) of the eect of the wind. Consider a particle initially located
at a distance z from the disk. It takes a time tdiff  z2=K to diuse back in the disk.
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In the meantime, convection sweeps the particle in a distance zw  Vctdiff  Vcz2=K.
Both processes are in competition and the particle will not reach the disk if zw > z. This
dene an eective halo size L  K=Vc. This is our parameter rwind up to a factor 2.
5.2. Pure spallation
The Galactic disk contains interstellar gas mostly made of hydrogen. When Cosmic Rays
cross the disk, they can interact with this gas. This interaction may result in a nuclear
reaction (spallation), leading to the destruction of the incoming particle and to the cre-
ation of a dierent outgoing particle (secondary). We present two approaches to the
problem of diusion in presence of a spallative disk. When the halo is innite in extent,
the solution may be obtained by using the interpretation of diusion in terms of random
walks. This will be treated in App. C. In the general case, the Bessel developments can
be used as before. Starting from Eq. (A.5), the expression for the probability density is





















where the following quantity has been dened
rspal  K
hΓinel











Would there be no spallation, the 1=rs behavior would be recovered. The term 2hΓinel
has the eect to kill the contributions of k . kspal in the integral, with kspal  hΓinel=K.
It leads to a decrease of the integral on scales r > rspal = 1=kspal. Some typical values,
for K = K0Rδ (see Sec. 5.5) with K0 = 0:03 kpc2 Myr−1 and  = 0:6 are given below
at 1 GeV/nuc and 100 GeV/nuc. The heavy species are more sensitive to spallations,
p O Fe
σ (mb) 44 309 760
rspal (kpc), 1 GeV/nuc 10.2 1.45 0.59
rspal (kpc), 100 GeV/nuc 115 16.4 6.7
Table 3. Some values of the inelastic cross section and the associated spallation scale length.
so that they come from a shorter distance. This may aect the mean atomic weight of
Cosmic Rays if the composition of the sources is not homogeneous, but this eect was
shown to be small in ?).
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For small values of rs=rspal, the convergence of the previous integral is slow, and other
forms obtained by integration by parts, as developed in the App. B.3, might be preferred.





















This expression is in full agreement with Eq. (C.3) obtained with the random walk
approach (see App. C). For large values of rs=rspal, the convergence can be checked by
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Some values are indicated in Tab. 4.
5.3. Comparison and combination of the dierent eects



























The rlim-probability is displayed in Fig. 6 as a function of rlim. The eect of the Galactic
wind is very similar to that of the upper and lower boundaries, whereas the eect of
spallations is quite dierent. In the latter case, the cuto in the density is a power law
in rs and decreases much more slowly than the exponential cuto due to the wind or to
escape. As a result, the 99%-surfaces are much larger than the 90%-surfaces. This can
also be seen in the rst three lines of Tab. 4.








spal + wind +
√




where spal = r=rspal, wind = r=rwind et L = r=L. The smallest of these three numbers
indicates the dominant eect. The distance from which a given fraction of Cosmic Rays
come from is shown in Tab. 4 for dierent situations. For a radioactive species, the
spallations and the Galactic wind have a negligible eect on propagation as long as lrad
(see Sec. 4.2) is smaller than L, rspal and rwind.
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Fig. 6. Integrated probability that a particle detected at the origin was emitted inside the ring
of radius rs, in the three situations considered. The solid dark line is obtained when only the
leakage through the z = ±L boundaries is considered, in which case the radii scale as r/rscale
with rscale = L. The dotted, respectively dashed, line is obtained when only the spallations,
respectively only the convective wind, are considered. The solid grey line indicates the probability
that the primary progenitor of a secondary detected in the Solar neighborhood was emitted from
within a given distance.
5.4. The number of disk-crossings in the general case
Several properties (energy losses, amount of reacceleration, secondary-to-primary ratio)
of the Cosmic Ray flux detected in the Solar neighborhood are determined by the number
of times a given Cosmic Ray has crossed the disk since it was created. The distribution
of disk-crossings is computed in App. C in the case of an innite diusive volume and
in the absence of Galactic wind. In the most general situation, the mean number of
crossings (though not the entire distribution of crossing numbers) can be computed as
follows. Each time a particle crosses the disk, it has a probability p = 2hinelnISM of
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L(kpc) Vc (km s
−1) σinel (mb) R50%(kpc) R90%(kpc) R99%(kpc)
L10 × 10 0 0 6.3 ×L10 19 ×L10 34 ×L10
∞ 10× V10 0 4.9/V10 18.6/V10 41/V10
∞ 0 100× σ100 3.7/σ100 30.8/σ100 318/σ100
5 0 0 3.1 9.5 17
5 10 50 2.05 6.8 13.1
Table 4. This table indicates the radius of several f -surfaces, for several values of L, Vc and
σinel. We have introduced L10 ≡ L/10 kpc, V10 ≡ Vc/10 km s−1 and σ100 ≡ σ/100 mb.
being destroyed by a spallation. The number N(r) of surviving particles can thus be
obtained from N0(r), the number of particles diusing without spallations, as
N(r) = N0(r) (1− p)ncross ;




ln(1− p) : (27)
Notice that this expression applied to Eq. (25) leads to Eq. (C.2) when L !1, Vc = 0,
and when p is small. As the surface density of the disk is 2hnISN  10−3 g cm−2, the
mean column density crossed by the particle (called grammage) is given by
(rs) = ncross(rs) 2hnISM  20 g cm−2  ncross(rs)104 :
The evolution of the grammage with the distance of the source is displayed in Fig. 7.
The eect of escape, spallations and Galactic wind is shown.







yields the right order of magnitude for the usual grammage derived from leaky box
analysis ( 9 g cm−2). Moreover, the knowledge of ncross(rs) allows to estimate the
magnitude of energy losses and reacceleration rates.
5.5. The energy dependence
Among the parameters that determine the spatial origin of Cosmic Rays, several depend
on their energy. First, the diusion coecient is greater at high energy. A commonly





whereR stands for the rigidity, K0  0:01−0:1 kpc2 Myr−1 and   0:3−1. The previous
results were given for K = 0:03 kpc2 Myr−1, typical for a proton with an energy of 1
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Fig. 7. Grammage crossed as a function of the origin, for some of the models discussed in the
text and for a typical value of K = 0.03 kpc2 Myr−1.
GeV. Figure 8 shows the evolution of the characteristic radii rwind, rspal with energy, for
the set of particular values K0  0:03 kpc2 Myr−1,  = 0:6,  = 44 mb, Vc = 10 km s−1
and L = 5 kpc. It must be noticed that even when rwind is greater than rspal, the Galactic
wind may have a non negligible eect on the Cosmic Ray spatial origin because the cuto
due to rwind is much sharper (see Fig. 6). Moreover, the influence of the Galactic wind
on the spectra is important because of the induced energy changes (adiabatic losses).
6. Realistic source distribution
A realistic source distribution of sources w(rs)(zs) for the stable primaries is now con-
sidered. Given any surface in the disk, we obtain the probability that a particle detected
in the Solar neighborhood was emitted in this surface by using the formula (4).
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Fig. 8. Example of dependence of the characteristic radii with kinetic energy, for K0 ∼
0.03 kpc2 Myr−1, δ = 0.6, σ = 44 mb, Vc = 10 km s−1 and L = 5 kpc.
6.1. Radial supernovae remnants distribution
The description of the source distribution is based on observations of pulsars and super-












with R = 8:5 kpc,  = 2,  = 3:53 for ?). This distribution is now closer to the
distribution adopted by ?) ( = 0:5 and  = 1), a flatter distribution designed to
reproduced radial γ-ray observations (see Fig. 17).
6.2. Angular distribution: spiral arms
?) and ?) show that type II and Ib supernovae (SN) are likely to follow the gas distri-
bution, which has a spiral structure. As also conrmed by ?), SN are correlated with
the spiral arms position. In particular, these authors have shown that if a radial distri-
bution is assumed, it leads to an overestimation of the SN rate in our Galaxy (?) nd
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that  40 − 60% of SN are in spiral arms). We take advantage of a recent analysis of
the Milky Way spiral structure (?) to model the arms with 4 logarithmic spirals (see its
Fig. 2). Notice that such models fall to describe the arms outside the range 3− 13 kpc.
Consequently we use the following parameterization ( is the step function),
warms(rs) = wSN(rs)(rs − 3:)(13:− rs) ;
along the four similar logarithmic arms, each rotated by 90o. In the Galactocentric plane,
coordinate (xs; ys), this gives (?)
xs = 2:3 e0.2126 θ cos ; ys = 2:3 e0.2126 θ sin  :
In these coordinates, following Vallee’s choice, the Sun is located at (x = 0; y =
7:2) kpc and falls in the interarm region. In order to have an upper limit on the arms
eect, we put all the sources along these arms. It is reasonable to consider a width which
is half the interarm distance (?).
6.3. Origin of primary species in the pure diusive case
Fig. 9 displays for three cases (L = 2 kpc, L = 5 kpc and L = 10 kpc) the product of the
probability density by the source distribution which is either wSN(rs) or warms(xs; ys). In
case of large halos, these forms greatly limits the contributions from peripheric Galactic
sources. The extension of the surfaces dened above is almost independent on the small
scale structures such as arms. In the rest of this paper, the purely radial distribution (28)
is assumed.
7. Application to the propagation parameters deduced from the observed
B/C ratio
The previous sections present a complete description of the origin of Cosmic Rays in a
stationary diusion model (energy losses and gains are discarded). To each process by
which a Cosmic Ray may disappear before it reaches the Solar neighborhood is associated
a parameter: L (escape through the up and down boundaries), rwind (convection), rspal
(destructive spallation). The relative importance of these parameters may be measured
by the two quantities wind  L=rwind and spal  L=rspal. One can distinguish three
regimes which determine the diusion properties of the system: i) the escape through
the boundaries dominates for wind  1 and spal  1; ii) convection dominates for
wind  1 and wind & spal; iii) spallations dominate for spal  1 and wind  spal.
We now use the sets of diusion parameters consistent with the B/C data given in ?)
(hereafter MTD02) to evaluate quantitatively the range of allowed values for rwind and
rspal. The consequences on the spatial origin of Cosmic Rays are then studied.
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Fig. 9. 99%-surfaces for R = 20 kpc and three cases, L = 2 kpc, L = 5 kpc and L = 10 kpc.
7.1. Evolution of wind and spal with 
In MTD02, we provide for each conguration  (source spectral index),  (diusion
spectral index) and L (diusive halo size) the corresponding K0, Vc and Va (Alfvenic
wind) that t best the ratio B/C. In a rst approximation, Va is not very important
since it only changes the energy of the particles: a Cosmic Ray emitted at 1 GeV/nuc
and gaining a few hundreds of MeV/nuc during propagation will be detected at a slightly
larger energy, for which the results given here will not be very dierent. This becomes
even more true beyond a few GeV. For the same reason we can ignore energy losses.
The net result is that one can use without any modications the parameter sets derived
in our comprehensive study, i.e. K0, Vc to evaluate realistic values for rwind(; ; L) and
rspal(; ; L) once ,  and L are specied. We do not want to enter too much into the
details (the interested reader is referred to MTD02). It is sucient to note that both
spectral index of sources and low energy form of sources do not aect much the ensuing
rwind and rspal so that they are only function of  and L (this can be seen from Fig. 9
of MTD02). Finally, according to the denition given above, the parameter wind is best
suited than rwind to classify our set of parameters.
The quantities wind(; L) and spal(; L) depend on rigidity, through K(E). This
can be seen in Fig. 10 where wind and spal are displayed as a function of  for several
species, several values of L and several rigidities. The left panel displays wind(; L) for
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three rigidities: 1 GV, 10 GV and 100 GV. Up to several tens of GV, convection is
in competition with escape; afterwards escape dominates. The noticeable fact is that
models corresponding to  . 0:45 are escape-dominated, whereas convection dominates
only for large  at low energy. It appears that all other parameters being constant, wind
is fairly independent of L. Whatever the size of the halo, the eective size ( rwind) of the
halo would always be the same fraction of the initial halo size L in realistic conditions.
This is because the relative importance of convection and escape must be constant as
it determines the shape of the Cosmic Ray spectra, in particular of the B/C ratio from
which the sets of diusion parameters we used are derived from. However, the spatial





Fig. 10. Left panel: χwind(δ,R) as a function of the diusion spectral index δ for dierent
rigidities R; from top to bottom, R = 100 GV, R = 10 GV and R = 1 GV. The parameter
χwind, as well as χspal, is not very sensitive to the halo size L. Right panel: χspal(δ,R) as a
function of δ for R = 100 GV (upper curves) and R = 1 GV (lower curves) for four species: p
(σ ∼ 40 mb), d (σ ∼ 100 mb), B-CNO (σ ∼ 250 mb) and Fe (σ ∼ 700 mb). For the latter species
we plotted the same three L values as in left panel. The behavior for other species is similar so
that we only plotted the case L = 6 kpc.
The right panel of Fig. 10 plots spal(; L) for R = 100 and 1 GV for various nu-
clei. Protons are the most abundant species in Cosmic Rays. Boron and CNO family
are important because they allow to constrain the value of the propagation parameters
through B/C ratio. Last, the Fe group provides another test of the secondary production
via the sub-Fe/Fe ratio. The evolution of spal for these species is conform to what is
very well known from earlier leaky box inspired studies: for heavier nuclei, spallation
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dominates over escape and for this reason, induced secondary are particularly sensitive
to low end of the grammage distribution frame whereas lighter nuclei are sensitive to
larger grammages. As seen in the previous gure, the eect of the wind is negligible
above  100 GeV whatever  (wind & 10). The eect of spallation is more important
for heavy than for light nuclei, but this dierence is too small to produce an evolution of
the average logarithmic mass for high energy ( TeV) Cosmic Rays (?).
To summarize, the left panel shows the evolution from convection-domination to
escape-domination as a function of R and , whereas the right panel give the evolution
from spallation-domination to escape-domination as a function of R,  and the species
under consideration. Notice that the origin is not determined directly by , but instead
by the value of Vc and K0 it implies. The latter, in turn, lead to dierent typical lengths
rspal and rwind.
7.2. Spatial origin in realistic diusion models at 1 GeV/nuc
From the previous discussion, it appears that spallations and Galactic wind play a role
at low energy. The results will be shown for the particular value 1 GeV/nuc which
is interesting for various astrophysical problems. First, modulated, it corresponds to
about the very low energy bound where experimental set-up have measured Galactic
Cosmic Rays. Second, the low energy domain is the most favorable window to observe p
(resp. d) from exotic sources (see companion paper), as the background corresponding to
secondaries p (resp. d) is reduced. Last, these energies correspond to that of the enduring
problem of the diuse GeV γ-ray radial distribution. This was rst quoted by ?) and
further investigated by ?) taking into account the eect of a Galactic wind.
From the sets of diusion parameters that t the B/C ratio, the values of the pa-
rameters rwind and rspal are computed (see Tab. 5) for the four nuclei shown in Fig. 10
and for three values of  = [0:35; 0:6; 0:85]. From these values, the contours inside which
99% (see Fig. 11 to see some other levels) of the Cosmic Rays (protons and Fe nuclei are
considered) reaching the Solar neighborhood were emitted from are derived. The eect
of the species (Fig. 12), of  (Fig. 13) and of L (Fig. 14) are considered separately. It can
be seen that the heavier species come from a shorter distance (because the spallations
are more important), and that, as discussed previously, the secondary species come from
a greater distance than the primaries. For greater values of , the f -surfaces are smaller,
mainly because the eect of the wind is then greater. Finally, the f -surfaces are smaller
for small values of L, as in this case escape is more important. The consequences of these
gures will be discussed in the last section.
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p, p B-CNO Sub-Fe, Fe
δ = 0.35/0.6/0.85 - -
L = 10 kpc rwind (kpc) ∞/5.17/1.6 ∞/3.41/0.89 ∞/3.26/0.83
rspal (kpc) 33.5/10.2/4.0 4.21/1.07/0.35 1.46/0.37/0.12√〈r2〉(kpc) 6.43/4.67/2.50 5.23/2.92/1.11 4.00/2.03/0.57
L = 6 kpc rwind (kpc) ∞/3.64/1.15 ∞/2.40/0.64 ∞/2.30/0.60
rspal (kpc) 24.7/7.4/2.9 3.10/0.80/0.26 1.08/0.27/0.09√〈r2〉 (kpc) 4.93/3.5/1.88 3.96/2.18/0.82 2.99/1.63/0.54
L = 2 kpc rwind (kpc) ∞/1.40/0.46 ∞/0.92/0.26 ∞/0.88/0.24
rspal (kpc) 9.7/2.9/1.2 1.21/0.31/0.10 0.42/0.10/0.03√〈r2〉(kpc) 2.07/1.44/0.78 1.63/0.87/0.33 1.21/0.57/0.19
Table 5. Values of rwind and rspal for the sets of parameters that, for a given δ, give the best t
to the observed B/C ratio. The mean square value of the distance of the sources is also shown.
The values of rwind are dierent from one species to another because they depend on rigidity
(through K), which depends on the mean Z/A of each species. Except for p and p, Z/A is close
to 1/2 for all species, which explains the similar values of rwind. On the other hand, rspal depends



















Fig. 11. (50-90-99)%-surfaces (protons and Fe nuclei are considered), in a typical diusion model
with L = 6 kpc and δ = 0.6.
7.3. Eective number of sources
From the previous results, it appears that only a fraction of the sources present in the disk
actually contribute to the flux in the Solar neighborhood. In this paragraph we present
the fraction fs of the sources which are located inside given f -surfaces. This fraction is
presented in Fig. 15 for the particular model L = 6 kpc,  = 0:6, for protons and Fe
nuclei. It can be read that for example, it takes 7.6% (resp. 1.5%) of the Galactic sources
to make 90% of the protons (resp. Fe nuclei) reaching the Solar neighborhood.
















Fig. 12. 99%-surfaces for several species. The left panel corresponds to primary species (protons,
CNO and Fe) while the right panel corresponds to secondary species (B and sub-Fe), for L =
















d  = 0.35
0.6
Fe
Fig. 13. 99%-surfaces for several δ, in the case L = 6 kpc. The left panel corresponds to protons
while the right panel corresponds to Fe nuclei.
Figure 15 also shows that a very small fraction of sources may contribute a non
negligible fraction of the fluxes. For example, the sphere of radius r  100 pc centered
on the Solar neighborhood contains only 2:5 10−5 of the sources but for L = 6 kpc and
 = 0:6, but it is responsible for about 5% of the proton flux and 18% of the Fe flux.
The mean age of the Cosmic Rays is given by hti  hr2i=2K  7-400 Myr (see Tab. 7).
For a supernova rate of three per century, the total number of sources responsible for
the flux is  2 105 − 107. This tells us that in some models, 18 % of the Fe flux can
be due to only 5 sources. The approximation of stationarity and of continuous source
distribution is likely to break down with such a small number of sources. This remark is
particularly important if, as believed, the Solar system is embedded in a local bubble of
radius r  100 pc, so that the region considered above is actually void of sources.


















Fig. 14. 99%-surfaces for several L, in the case δ = 0.6. The left panel corresponds to protons
while the right panel corresponds Fe nuclei.
Fig. 15. Fraction fs (in %) of the Galactic sources contributing to the fraction f of the Cosmic
Ray flux at the Solar position, for protons and Fe nuclei, for the particular diusion model
L = 6 kpc, δ = 0.6.
7.4. Radioactive species, e+ and e− and the local bubble
In ?), we emphasized that the existence of a local underdensity (n . 0:005 cm−3) around
the Solar neighborhood (a . 65 − 250 pc) greatly aects the interpretation of the flux
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p, p Fe
δ = 0.35/0.6/0.85 -
L = 10 kpc 90% 22.9/13.3/3.9 9.6/2.2/0.24
99% 56.7/40.7/16.4 35/14.5/1.77
L = 6 kpc 90% 14.3/7.6/2.3 5.63/1.5/0.17
99% 40.9/27/9.6 22.2/9.2/1.48
L = 2 kpc 90% 2.9/1.6/0.83 1.2/0.24/0.025
99% 9.3/5.9/3.8 4.7/1.77/0.27
Table 6. Fraction fs (in %) of the Galactic sources contributing to a given fraction (90% and
99%) of the Cosmic Ray flux at the Solar position, for protons and Fe nuclei, for the diusion
models studied before.
p, p Sub-Fe, Fe
δ = 0.35/0.6/0.85 -
L = 10 kpc 196 / 392 / 332 76 / 74 / 17
L = 2 kpc 72/ 130 / 108 24/ 22 / 7
Table 7. Mean Cosmic Ray age 〈t〉 ∼ 〈r2〉/2K in Myr for the models studied in this paper.
of radioactive species at low energy. We refer the interested reader to ?) for a deeper
discussion and references on the local interstellar medium.
The most important eect of this hole is that it exponentially decreases the flux by
a factor exp(−a=lrad) (a is the radius of the local underdense bubble and lrad is given
by Eq. (16)). This can be easily understood as there is almost no gas in this region,
hence no spallations, leading to no secondary production. The local bubble is obviously
not spherical, but this approximation is sucient at this level. This attenuation factor
is straightforwardly recovered starting from the probability density as given in Sec. 4.2,
if correctly normalized to unity. To this end, the sources (here spallation of primaries on
the interstellar medium) are considered to be uniformly distributed in the disk, except







dPrad = exp(−(rs − a)=lrad)2 rs: lrad d
2rs : (29)
The quantity Pholerad (rs < rlimjO) is obtained directly from the no hole case (see Sec. 4.2)
by replacing rlim by ralim = rlim + a. It means that the sources that contribute to the
fraction f = (50 − 90 − 99)% of the flux of the radioactive species are located between
a and ralim = (0:7 − 2:3 − 4:6) lrad + a. Hence, the hole only plays a marginal role for
the origin of a radioactive species (unless lrad . a), whereas the result for the flux is
dramatically dierent.
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We saw in a previous section that the high energy e+ and e− behave like unstable























The dependence in the propagation model is similar for both expressions and is contained
in the last term. There is a big dierence, though, as the typical distances travelled by
radioactive nuclei scale as
pR, whereas they scale as 1=pE for electrons and positrons.
Realistic values for lrad and rloss are presented in Fig. 16. At high energy, the Lorentz
factor enhances the lifetime of radioactive nuclei, making their origin less local, whereas
the energy losses are increased for electrons and positrons, making their origin more
local (99-90-50% of 100 GeV e+e− come from sources located in a thin disk with radius
re
+e−
lim  1:1− 0:55− 0:38 kpc). For 100 GeV e+ and e−, all models tting B/C have the
Radioactive species e+, e-
Fig. 16. Realistic values of lrad/(τ0/1 Myr) and rloss for two extreme halo sizes L and diusion
slope δ. As all results in this section, propagation parameters t B/C and are taken from MTD02.
same value for K0Rδ, because at 100 GeV/nuc, spallations and convection are negligible
(?). As a consequence, for GeV energies, rloss increases more rapidly for small  than it
does for larger . To study the eect of local contributions to the spectra of e+ and e−,
?) used the value  = 0:6 and compared to other works with  = 0. As these authors
noticed, the modelling in the whole energy spectrum is  dependent, but our study gives
the range compatible with B/C studies.
Finally, radioactive nuclei are a very important tool for Cosmic Ray physics. They
come from a few hundreds of parsec, and their fluxes depend very much on the presence
of a local underdense bubble, by the attenuation factor exp(−a=lrad). For example, for a
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typical bubble of size a = 100 pc, the attenuation factor  at 800 MeV/nuc (interstellar
energy) is 0.35  exp(−1 Myr=30) if  = 0:35, whereas it is 0.85  exp(−1 Myr=0).
With 10Be0 = 2:17 Myr, 
26Al
0 = 1:31 Myr and 
36Cl
0 = 0:443 Myr, it leads to 
Be, Al, Cl
0.35 
0:86−0:78−0:47 and Be, Al, Cl0.85  0:63−0:46−0:1. For 14C, the attenuation is 14C  1
(the quoted value 10−4 in ?) is a mistake), but the flux at about 10-100 GeV/nuc becomes
very attractive since, at these energies, the attenuation factor becomes comparable to
other low energy radioactive nuclei, but it is less sensible to modulation. Hence, the
flux of radioactive species directly characterizes the local diusion coecient K0 if the
local environment is specied. This would in turn allow to break the degeneracy in
propagation parameters that one can not avoid at present. Last, if the surviving fraction
of a radioactive do depends on the halo size L, we emphasize that it is a very indirect
way to derive propagation parameters. Thanks to new measurements in the forthcoming
years (pamela, ams), the fluxes of radioactive species that do not depend on L are a
promising path to update our vision of cosmic ray propagation.
8. Summary, conclusions and perspectives
The question of the source distribution is very present in Cosmic Ray physics. With the
occurrence of the old problem of short pathlengths distribution in leaky box models (see
for example ?)), ?) studied a diusion model with no-near source in the Solar neighbor-
hood. Later, ??) propagated -like sources with diusion generated by a Monte Carlo
random walk for the same purpose. ?) follow this line but they introduce random walks
in a more realistic environment, i.e. circular, elliptical and spiral magnetic eld congura-
tions. In a more formal context, ?) used a statistical treatment of means and fluctuations
(see references therein) to characterize amongst other the possibility that nearby recent
sources may dominate the flux of primaries. Finally, it is known that the present Cosmic
Ray models are not able to reproduce accurately for example proton-induced γ-rays mea-
surements. To illustrate this point, we plot in Fig. 17 the radial distribution of protons
obtained with the same diusion parameters as used above. None of the model shown
matches the data. One is left with two alternatives: either modifying the source distri-
bution (for example, the distribution of ?) yield a better agreement), or the assumption
that the diusion parameters apply to the Galaxy as a whole is given up (?). It is thus
of importance to understand to what extent the Cosmic Rays detected on Earth are
representative of the distribution of the sources in the whole Galaxy.
We provide an answer to this question under the two important hypotheses that the
source distribution is continuous and that we have reached a stationary regime. The
following important result were derived: most of the Cosmic Rays that reach the Solar
neighborhood were emitted from sources located in a rather small region of the Galactic
disk, centered on our position. The quantitative meaning of \rather small" depends on
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Fig. 17. Radial distribution of the proton flux for the models discussed in this study, compared
to the source radial distribution of ?) given Eq. (28). For each of the values L = 2 kpc and
L = 10 kpc, the three values δ = 0.35, 0.6 and 0.85 are presented, the flatter distribution
corresponding to the lower δ. Also shown is the diuse gamma-ray flux (?), along with the
proton flux obtained with the ?) distribution (see Sec. 6.1).
the species as well as on the values of the diusion parameters. For the preferred values
derived from our previous analysis MTD02, the typical extension of these regions is a
few kpc. Another way to present this result is to say that only a small fraction of the
whole Galactic source distribution actually contribute to the Solar neighborhood Cosmic
Ray flux. For the models preferred by our previous analysis, this fraction is only a few
percents. Independently of all the results, this study could be used as a check for more
sophisticated Monte Carlo simulations that will be certainly developed in the future to
explore inhomogeneous situations.
Two consequences deserve a special attention. First, this may point towards the neces-
sity to go beyond the approximations of both continuity and stationarity. In particular,
it could be that only a dynamical model, with an accurate spatio-temporal description
of the nearby sources, provides a correct framework to understand the propagation of
Galactic Cosmic Rays. The contribution from nearby sources would be very dierent in
the low energy ( GeV/nuc) or in the high energy regime ( PeV) compared to the
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stationary background. Second, the diusion parameters derived from the observed B/C
ratio have only a local validity, and one should be careful before applying them to the
whole Galaxy, since the Cosmic Rays are blind to most of it.
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Appendix A: General solutions of the diffusion equation in cylindrical
geometry
The general solution for any w(r)(z) disk source in cylindrical geometry, including many
realistic terms describing propagation of Cosmic Rays, has been presented in ?). For the
sake of completeness, we repeat here the main steps of this derivation and we present
several forms obtained in particular cases. The following formulae are used throughout
the paper to study point source contributions.
A.1. General solution for our diusion-convection model
The propagation of Cosmic Rays can be considered as a diusive process. For a primary
species, the density in the thin disk (z = 0) is a solution of the equation (see ?) and
references therein for more details)
LdiffN(r; z) + ΓradN(r; z) + 2h(z) nISM:inel:v N(r; z) = 2h(z)w(r) ; (A.1)
with N(r; z) is the dierential density (in energy) and Ldiff is a dierential operator
dened as

















The various terms in Eq. (A.1) correspond respectively to (i) a dierential operator Ldiff
describing convection Vc out from the Galactic plane and isotropic diusion K throughout
the connement volume; (ii) radioactive decay of the unstable nucleus (Γrad  0 for a
stable) in the whole Galaxy; (iii) destruction in flight nISM:inel:v when crossing the
gaseous thin disk of constant height 2h and constant density nISM; (iv) a source term
in the thin disk. The solution is determined by the boundary conditions of the problem:
Cosmic Rays freely escape at the boundaries of the diusive volume, so that we consider
that the density vanishes there, i.e. N(r = R; z) = N(r; jzj = L) = 0, where L is the
half-height of the diusive halo and R the radial extension. The solution in the disk
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with

















and Qi is the Bessel transform of the source distribution (which may depend on the
density of another species, in particular for secondary species).
A.2. Primary point-like sources
The above formulae are valid only for cylindrical symmetric sources. In particular, they
are not appropriate for a point source located in the disk at a distance r > 0 from the
origin. An exact treatment of this case is possible, using expansions over a more appro-
priate set of Bessel functions. However, these expansions involve a double summation
over two innite sets of indices and are tricky to compute numerically. This level of de-
tail is unnecessary here as we show in the text that the side boundary at r = R may
be discarded, so that diusion occurs as in an innite plane. As a result, we can dene
the observer as the origin of the disk, so that the cylindrical symmetry is recovered. The




and we nd in the disk (z = 0)














A.3. Secondaries from primary point-like sources
We can also inspect the spallation-induced secondary Cosmic Ray origin. Unlike pri-
maries, these species (e.g. LiBeB, Sub-Fe) are not present in sources but are created
from interactions of primaries with the gaseous disk. Either one can follow these species
from where they are created or we track them from their primary point-like source pro-
genitor. The rst approach is uninteresting since it contains no real physical information
(and formulae would be those of the primary case). The second approach gives exactly
what we wish; we intuitively feel that the distance we set the primary source should be
a compromise between r suciently large to able secondary production, but suciently
close that once the secondary is created, it is as close as possible to the observer location.
Solution for secondaries can be found for example in ?) { see their App. A {. Using
their Eq. (A8) in conjunction with their Eq. (A9) and replacing in the latter the primary
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equilibrium distribution Nki (0) with our above primary solution for point-like sources in
the disk, i.e. Eq. (A.5), one obtains in the disk (z = 0)


















Here, Γprim!sec = nISM:v:prim!sec is the production rate of secondaries from their
primary progenitors. The distinction between Aprimi and A
sec
i is necessary since both
species have dierent destruction rates.
Appendix B: Numerical evaluation of the point source solution in Bessel
basis
One needs to numerically evaluate the expressions appearing in solutions such as
Eq. (A.5). The innite sum is then truncated to some order ntronc, which is a com-
promise between accuracy (good convergence of the series) and computer time. In the
case of a point source (r), the proles are singular near the source and the convergence
of the series appears to be very slow. We present here a few methods that can be used
to speed up the computation of these sums.
B.1. Softening of the source term





for which the Bessel transform is obtained from the previous case by multiplying by
2J1(ia=R)=(ia=R). With a judicious choice of the parameter a, the solution becomes
very close to the previous one N cylδ (r; 0) for r  a, but convergence is much faster due
to the extra 1=i factor.
B.2. Sum representation: comparison to a known function
Many typical behaviors derived in Sec. 3 support and give physical basis to the rst proce-
dure proposed below. Actually, we can remark the spherical geometry solution (bounded
in r = R) and the cylindrical geometry solution in the special case L  R should not be
very dierent. As a consequence, Bessel coecients of both solutions should be very sim-
ilar, both including description of the singular behavior close to the source. It appears
that we have a very simple analytical form for the spherical solution but only Bessel
coecients of the cylindrical solution that we want to reconstruct.
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one can use the following ansatz and rewrite:









+ f spher() (B.2)
This gives a very good and rapid convergence as long as sources are located in the thin
disk z = 0. Notice also that for very small halo size (L < 1 kpc), eects of these upper












This form is motivated by the result obtained from Sec. 3.2.2 { Eq. (13) { in the innite
plane approximation. In practise, we restrict ourselves to L > 1 kpc such that f spher(r)
is sucient.
B.3. Integral representation for innite radius disk
When the disk has an innite radius, the Bessel sum can be replaced by an integral,
and the end result is obtained from the Bessel sum by the substitution i=R ! k and
1=J21 (i)  i=2 ! kR=2, so that in the general case { see Eq. (A.5) {,







sinh fS(k)(L − z)=2g
sinh fS(k)L=2g dk ; (B.3)





















where f(x) is a function such that f(1) = 1 are quite tricky to compute numerically,
due to the very slow decrease of the oscillations in the integrand. Two remarks are of
great help. First, as
∫1
0 J0(x)dx = 1, we have
I[f ] = 1−
∫ 1
0
J0(x) (1 − f(x))dx : (B.5)
The convergence is faster, as 1 − f ! 0 when x ! 1. Second, using the identity











This expression is meaningful only if xf(x) is a bounded function near the origin x = 0.
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The latter expression is meaningful only if x2f(x) is a bounded function near the origin
x = 0. These expressions provide several ecient alternatives among which one can
choose the best suited for a given function f .
Appendix C: Alternative description of spallations: random walk approach
Spallation happens when a Cosmic Ray crosses the Galactic disk (where interstellar
matter is present), and have a probability p to disappear in a nuclear reaction. This
probability is related to the reaction cross section  by
p = 1nISMh = 6 10−5 1 100 mb ;
where 1  1 contains the dependence on the incidence angle of the particle with the
Galactic plane. For a Cosmic Ray detected at a given position, and emitted from a
distance r in the disk, we wish to compute the probability distribution of the disk-crossing
number. First, we note that the propagation in the z axis is a one-dimensional random
walk, so that for a Cosmic Ray emitted in the disk and reaching again the disk after
a number t? of elementary random steps, the probability distribution of disk-crossing
numbers n is given by (Papoulis 2002)









In this expression, 2  1 depends on the statistical properties of the elementary random
steps xi= of the walk (for instance, 2 = 2 for elementary steps xi = 1 and 2  1:43
for xi uniformly distributed in the interval [−1; 1]) and t? is the number of steps of the

















where 3  hx2i i=2 is the variance of the elementary random step (in units of ), so that
the physical time is related to t? by
t = t?   = t?  2K
3v2
where  is the mean free path and v the velocity. We thus nally have,









We are now able to compute the probability distribution of disk crossings for Cosmic
Rays emitted from a distance r in the disk as





dP(njt; z(t) = 0)P(tjr; z(t) = 0) dt ; (C.1)
where the probability that a CR reaching distance r in the disk was emitted at time t is
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The above integral C.1 can be performed, yielding the nal result




























and the associated variance is tends to innity. We can also compute the integrated
probability, that more that n0 crossings have occurred, as









A particle having crossed n times the disk has the probability pn = (1− p)n  exp(−np)



















with rspal dened in eq. (24) and   1
√
23=2. The density of Cosmic Rays in the










The quantity  seems to be related to the detailed statistical properties of the ran-
dom walk under consideration. However, direct comparison with the alternative expres-
sion (25) obtained above indicates that these expressions are indeed equivalent, with
 = 1. Notice that such an approach was used by ?) to study the eect of the upper and
lower boundaries.
